We investigated the effect of various excitatory amino acids on intracellular free Ca24 concentration ([Ca24]i) in single mouse hippocampal neurons in vitro by using the Ca24-sensitive dye fura-2. In normal physiological solution, glutamate, kainate, N-methyl-D-aspartate, and quisqualate all produced increases in [Ca24]i. When all extracellular Ca2+ was removed, kainate and N-methyl-D-aspartate were completely ineffective, but quisqualate and glutamate were able to produce a spike-like Ca24 transient, presumably reflecting the release of Ca24 from intracellular stores. Ca24 transients of similar shape could also be produced by the a1-adrenergic agonist phenylephrine. After the production of a Ca24 transient a second addition of quisqualate was ineffective unless intracellular stores were refilled by loading the cell with Ca24 following depolarization in Ca24-containing medium. None of the conventional excitatory amino acid receptor antagonists inhibited the Ca24-mobilizing effects of quisqualate. Furthermore aamino-3-hydroxy-5-methyl-4-isoxazolepropionate (AMPA) was unable to produce Ca24 mobilization in Ca24-free medium, although it could produce Ca24 influx in Ca24-containing medium. Thus, glutamate can produce mobilization of Ca24 from intracellular stores in hippocampal neurons by acting on a quisqualate-sensitive but AMPA-insensitive receptor. This receptor is therefore distinct from the quisqualate receptor that produces cell depolarization. The possibility that this Ca24-mobilizing effect is mediated by inositol triphosphate production is discussed.
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It is currently believed that the excitatory neurotransmitter glutamate produces its effects by acting at at least three separate types of receptors (1) . This action leads to the gating of a variety of ion channels that exhibit different permeabilities to monovalent cations and Ca2". An important consequence of these actions is the influx of Ca2" into neurons and an increase in the intracellular concentration of free Ca2" [Ca2+]i (2, 3) . This increase is thought to be essential for promoting glutamate-induced changes in neuronal activity (4) and synaptic plasticity (5) as well as cell death in pathological situations (6) . Previous work in our own and other laboratories has demonstrated that glutamate stimulates Ca24 entry into neurons through both N-methyl-D-aspartate (N-Me-DAsp)-gated ion channels and voltage-sensitive Ca2+ channels (2, 3) . We now report that glutamate can also increase [Ca2+]i by mobilizing intracellular Ca2" stores. This effect is independent of the presence of external Ca2`and is mediated by a glutamate receptor that may not be linked to an ion channel and whose specificity appears distinct from those of other glutamate receptors.
MATERIALS AND METHODS
Embryonic mouse C57BL/6NHSD hippocampal neurons were cultured as monolayers as described (2) and used from 3 to 14 days in culture. Cells were loaded with fura-2 pentakis(acetoxymethyl ester) and checked for complete deesterification with excitation spectra (2) . The cells were bath-perfused and bath volume was exchanged every 7 sec. Emissions from excitation at 340 nm and 380 nm alternating at 60 Hz were stored every second (17) . Each wavelength was inspected for drug autofluorescence and changes in dye fluorescence. Fura-2 fluorescence typically decayed 10- (17) . We examined the effects of excitatory amino acids with the specific intention ofdetermining whether they could mobilize Ca2+ from intracellular stores. As we have previously demonstrated that activation of excitatory amino acid receptors produces Ca2+ influx due to the activation of ion channels (2), it was first necessary to establish conditions under which such effects were not observed. Fig. 1 (Fig. 1) or N-Me-D-Asp (Fig. 2D) 3, 5, 7, 9 , and 3 min following depolarization-induced Ca2" influx in normal medium. produced Ca2" influx in Ca2"-containing medium but no mobilization of intracellular Ca2" in Ca2"-free medium, cells in which quisqualate produced Ca2" mobilization but no A[Ca2"Ii in Ca2"-containing medium without reloading Ca2" stores, and cells in which both types of responses occurred. Furthermore, the concentration of quisqualate (-1 WM) required to activate Ca2+ influx is greater than that required for mobilization of intracellular Ca2+ stores. In addition, AMPA was never observed to produce Ca21 mobilization but could frequently be observed to produce Ca2+ influx. Fig. 3 illustrates an example of this. In this cell AMPA failed to produce a mobilization response in Ca2`-free medium but quisqualate was effective. On switching to normal Ca2 -containing medium, AMPA produced Ca2`influx. A second quisqualate response could now be obtained that can be seen superimposed on the AMPA response. This transient quisqualate response is characteristic of Ca2+ mobilization.
DISCUSSION
The results presented here demonstrate that a glutamate/ quisqualate-specific receptor is linked to Ca2+ mobilization in hippocampal neurons. This receptor appears to be different from the quisqualate-specific glutamate receptor that is responsible for cell depolarization. In addition to the lack of effect of AMPA in the present studies, we have also found differences in the ability of antagonists to block the two types of receptors (unpublished observations). It seems likely that the Ca2+-mobilizing responses we have observed are mediated through the synthesis of inositol trisphosphate (InsP3). Excitatory amino acid-induced InsP3 synthesis has been demonstrated in several areas of the brain, including the hippocampus (10) (11) (12) , and probably also occurs following the expression of quisqualate receptors in frog oocytes (13) . In addition, at the neuromuscular synapse ofthe lobster walking leg, glutamate hyperpolarizes the presynaptic membrane, another response that could also involve InsP3 synthesis and Ca2`mobilization (14) . Several of these responses have been shown to involve the participation of a pertussis toxinsensitive guanine nucleotide-binding protein (13) (14) (15) . It is not completely clear whether the receptor we have described in hippocampal neurons corresponds exactly to any of these previously described receptors. However, in some cases quisqualate-induced InsP3 synthesis has been shown to be effectively blocked by 2-amino-4-phosphonobutyrate, although this may be somewhat dependent on stage of development (10, 12). 2-Amino-4-phosphonobutyrate was completely ineffective in the present studies, indicating that the receptor involved may not precisely correspond to any described previously. Nevertheless, stimulation of InsP3 synthesis must still be considered as the most probable event mediating the effects of quisqualate. Neurons appear to contain a variety of Ca2" stores, as ado other cell types (16) .
One ofthese is sensitive to InsP3, whereas others are sensitive to drugs such as caffeine and ryanodine and may be involved in phenomena such as Ca2+-induced Ca2" release (16) (17) (18) .
Hippocampal neurons appear to contain both types of stores. However, depletion of the caffeine-sensitive store does not alter the quisqualate response, indicating that only the InsP3-sensitive store is important in this case (unpublished observations).
Glutamate appears to be able to increase [Ca2+]i as a result Qf several distinct processes following the activation of kainate-, quisqualate-, and N-Me-D-Asp-specific receptors.
These include Ca2+ influx through voltage-sensitive Ca2' channels as a result of cell depolarization (2, 3), Ca2+ influx through receptor-operated channels (2, 3) , and, as shown here, Ca2+ mobilization from intracellular stores. Little is known about the physiological consequences of Ca2+ mobilization from intracellular stores in central neurons. However, Ca2+ has been implicated in the control of many important neuronal functions. Of particular interest is the potential role of Ca2+ in excitatory amino acid-induced changes in synaptic efficacy such as long-term depression (19) and potentiation (5) . Indeed, in some cases of long-term depression the involvement of a quisqualate receptor has been specifically indicated. Apparently the effects of quisqualate on hippocampal InsP3 synthesis are dependent on developmental factors and seem to be greatest during periods of synaptogenesis. Determining the role of glutamateinduced Cat+ mobilization in such processes will be of considerable interest. (1988) 
